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FOREWORD 

This report  is  submitted i n  compliance with Phase 11, Task 5 
(Reports) of Exhibit A, Scope of Work, dated'29 June 1972 f o r  
Contract NAS8- 27161. 

Phase I1 of the Contract cons is t s  of f i v e  Tasks: 

Task I: Test Environment and Model Defini t ion 

Task 11: 

Task 111: Ablator Test and Evaluation 

Model Design and Fabrication 

Task I V :  Conference Requireaent 

Task V: Reports 

This report  documents the s tudies  performed under Task 111: 
"Ablator Test and Evaluation." 



iii 

TABLE OF CONTENT 

Page 

ii Foreword . . . . . . . . . . . . . . . . . . . . . . . .  
Table of Content 

List of Tables . . . . . . . . . . . . . . . . . . . . .  
List of Figures . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . .  iii 

iv 

V 

I. Introduction . . . . . . . . . . . . . . . . . . . . . .  
11. Plasma Arc Facility and Calibration 

111. Two-Pass Entry Testing . . . . . . .  
IV. 30 and 15-Pass Entry Testing . . . .  
V. 

VI. 

Ablator.Mode1 and Test Data Analysis 

Test Data Correlation with Analysis 

VII. Ablative Heat Shield Weights . . . .  
VIII. Technological Deficiencies . . . . .  
IX. References . . . . . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

2 

3 

3 

4 

5 

6 

8 

10 



iv 

LIST OF TABLES 

P.n. 

1. Ploma Arc Tar t  Point Cal ibrat ion . . . . . . . . . . . . . 11 

2. Teat  Conditionr f o r  Tuo-Parr Entry Simulation . . . . . . . 12 

3. Compariron of F l igh t  Emriroamrnt with Propored Teat Plan 
Condltloar and Actual Tert C d i t i o n r  Attained . . . . . 13 

4. Tart  Conditlonr f o r  SO-Parr and 15-Pass Heating . . . . . . 14 

5. Char Formation i n  Multi-Pass T e s t  lbde ls  . . . . . . . e . 15 

6. Conpariron of h l y t i c a l l y  Predicted and Mearured Temper- 
a tu re  Rire a t  End of Heating Pulse f o r  Two-Pass Heating . . 16 

7. Cornpariron of Analytically Predicted and Measured Temper- 
a ture  Rise a t  End of Heating Pulse f o r  30-Parr Heating . . 17 

8. Cornpariron of Analytically Predicted and Measured Temper- 
a tu re  Rire a t  End of Heating Pulee fo r  15-Pass Heating . : 18 

9. Cornpariron of Analytically Predicted and Measured Peak 
Backface Temperatures f o r  Multi-Pass Heating . . . . . . 19 

10. Ablative Heat Shield Weight . . . . . . . . 20 



V 

LIST OF FIGURES 

Pane 

1. T i r - T q m r a t u m  Tracor fo r  ESA-5500 Model No. 1 (Two- 
Para E e a t l w ;  Law Dru Configuration) . . . . . . . . . . .  2 1  

2. Tlm-Tllporatum TraC.8 f o r  ESA-5500 Model No. 2 (Two- 

T i r - T q m r a t u n  Trmor f o r  ESA-3560 Model No. 5 (Two- 

P u r  B.atlaa; Iar Dru Configuration) . . . . . . . . . . .  22 

P u r  Heating; Lou D i u  Configuration) . . . . . . . . . . .  23 
3. 

4. Th-Taa~pora ture  Tracer fo r  ESA-3560 Model No. 3 (Two- 
Parr Heating; High Drag Configuration) & . . . . . . . . .  24 

5. Tim-Traperature Tracor f o r  ESA-3560 Model No. 4 (Two- 
P u r  Hoatfng; Hi& Drag Configuration) . . . . . . . . . .  25 

6. Tim-Tenperaturo Tracer fo r  SLA-561 Model No. 6 (Two- 
Parr Hoating; H i g h  Drag Configuration) . . . . . . . . . .  26 

7. P l u m 8  A r c  Hod018 After 2-Pass Heating . . . . . . . . . .  27 

8. 3 X  View of ESA-5500 Model No. 1 After 2-Pass, Low Drag 
E e a t i n g . .  . . . . . . . . . . . . . . . . . . . . . . . .  28 

Hoatlng . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 
9; 3X View of ESA-5500 M e 1  No. 2 After 2-Pass, Low Drag 

10. 3 X  V i e w  of ESA-3560 Model No. 3 After 2-Pass, High Drag 
H O a t i a g  . . . . . . . . . . . . . . . . . . . . . . . . . .  30 

11. 3X View of ESA-3560 Model No. 4 After 2-Pass, High Drag 
H e a t i n g . .  . . . . . . . . . . . . . . . . . . . . . . . .  31 

12. 3X V i e w  of ESA-3560 Model No. 5 After 2-Pass, Low Drag 
H e a t i n g . .  . . . . . . . . . . . . . . . . . . . . . . . .  32 

13. 3X V i e w  of SLA-561 Model No. 6 After 2-Pass, High Drag 
33 Hoat ing .  . . . . . . . . . . . . . . . . . . . . . . . . .  

14. Time-Temperature Traces f o r  Passes 1 and 30, ESA-3560 Model 
34 No. 1 (30-Parr H e a t i n g - .  . . . . . . . . . . . . . . . . .  

15. Tim-Teaporaturo Tracer f o r  Pasres 1 and 15, ESA-3560 Model 
35 NO. 4 (15-Pa88 Heating) . . . . . . . . . . . . . . . . . .  



vi 

. .  

LIST OF FIGURES (Continued) 

Page 

16. Plasma Arc Models After 30-Pass and 15-Pass Heating . . . . 36 

17. ESA-3560 Model No. 1After 30-Pass Heating . . . . . e . . 37 

18. ESA-3560 Model No. 2 After 30-Pass Heating . . . . . . . . 38 

19. ESA-3560 Model No. 3 After 15-Pass Heating . . . . . . . . 39 

20. ESA-3560 Model No. 4 After 15-Pass Heating . . . . . . . 40 

21. SLA-561 Model No. 5 After 30-Pass Heating . . . . . . . 41 

22. SLA-561 Model No. 6 After 15-Pass Heating . . . . . . . . . 42 

23. Cross-Section of ESA-3560 Models After Exposure to Two-Pass, 
High Drag Heating . . . . . . . . . . . . . . . . . . . . . 43 

24. Cross-Section of ESA-5500 Models After Exposure to Two-Pass, 
Low Drag Heating . . . . . . . . . . . . . . . . . . . . . 44 

25. Cross-Section of ESA-3560 Model After Exposure to Two-Pass, 
LowDragHeating . . . . . . . . . . . . . . . . . . . . . 45 

26. Cross-Section of SLA-561 Model After Exposure to Two-Pass, 
High Drag Heating . . . . . . . . . . . . . a . . . . . . . 45 

27. Cross-Section of ESA-3560 Mdel No. 1 After 30-Pass Heating 46 

28. Cross-Section of ESA-3560 Model No. 3 After 15-Pass Heating 47 

29. Cross-Section of SLA-561 Model N o .  5 A f t e r  30-Pass H e a t i n g  48 

30. Cross-Section of Models After 30-Pass and 15-Pass Heating . 49 

31. Variation of Temperature at End of Heating with Entry Pass 
for ESA-3560 Model No. 1, 30-Pass Heating . . . . . . . . . 50 

32. Variation of Temperature at End of Heating with Entry Pass 
for ESA-3560 Model No. 2, 30-Pass Heating . . . . . . . . . 51 

33. Variation of Temperature at End of Heating with Entry Pass 
for ESA-3560 Model No. 3, 15-Pass Heating . . . . . . . . . 52 

34. Variation of Temperature at End of Heating with Entry Pass 
for ESA-3560 Model No. 4, 15-Pass Heating . . . . . . . . . 53 



vii 

LIST OF FIGURES (Continued) 

. .  

35 . 
36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47 . 
48. 

Page 

Variation of Temperature at End of Heating with Entry Pass 
for SLA-561 Model No. 5, 30-Pass Heating . . . . . . . . .  
for SLA-561 Model No. 6, 15-Pass Heating . . . . . . . . .  
Heating, Low Drag Configuration . . . . . . . . . . . . .  
Pass Heating, High Drag Configuration . . . . . . . . . . .  

54 

Variation of Temperature at End of Heating with Entry Pass 
55 

Time-Temperature Traces for Analysis of ESA-5500 for Two-Pass 
56 

Time-Temperature Traces for Analysis of ESA-3560 for Two- 
57 

Time-Temperature Traces for Analysis of ESA-3560 for 
Pass30 . . . . . . . . . . . . . . . . . . . . . . . . .  
Time-Temperature Traces for Analysis of ESA-3560 for 

5 8  

Pass15 59 

30-Pass and 15-Pass Heating . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . .  

Progression of Char Depth and Pyrolysis Zone During 
60 

Variation of Calculated Temperature at End of Heating with 
Entry Pass for ESA-3560, 30-Pass Heating 

Variation of Calculated Temperature at End of Heating with 
Entry Pass for ESA-3560, 15-Pass Heating 

Cumulative Dome Area for 2 : l  Ellipse with a 84-inch Semi- 

61 . . . . . . . . .  
62 . . . . . . . . .  
63 Major Axis . . . . . . . . . . . . . . . . . . . . . . . .  

Ablator Design Curves for Two-Pass Entry Missions 64 

Ablator Design Curves for Thirty-Pass Entry Missions . . 66 

Variation of Ablator Thickness with Location on the Ellip- 
ticalDome. 67 

Variation of Ablator Thickness with Dome Surface Area . . 69 

. . . .  

. . . . . . . . . . . . . . . . . . . . . . .  



1 

I -  
The objectives of this study were to establish the feasibility of 

utilizing ablative or metallic heat shields for aerobraking reentry 
and to ascertain realistic ablative heat shield weights and design 
criteria for both ablative and metallic heat shields. 

The ablative and metallic heat shields were for application to a 
14 ft-diameter cylindrical body entry configuration with a 2:l ellip- 
tical dome. 
The high drag would be achieved by attachment of a 60 flare at the 
aft end of the cylinder. 
tranefer of the vehicle from a geosynchronous orbit to the orbit of 
the Space Shuttle. 
passes and 30 perigee passes were investigated. 

Both a low drag and high drag configuration were studied. 

The aerobraking trajectory pertained to the 

Aerobraking trajectories involving two perigee 

In the performance of Task 3, "Ablator Test and Evaluation", the 
following was accomplished: 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

The plasma arc facility was calibrated for selected heat pulses 
with respect to cold wall heat flux to 2-1/2 and 8-in. diameter 
models, enthalpy and stagnation pressure. 

S i x  2-1/2 in.-diameter models were tested under conditions 
simulating "Two Pass" stagnation point heating for the low 
drag configuration (3 models) and the high drag configuration 
(3 models). 

Six 8 in.-diameter models were tested under conditions simu- 
lating "Thirty Pass" stagnation point heating for the high 
drag configuration for all 30 entry passes (3 models) and for 
the first 15 entry passes (3 models). 

Tested models were sectioned and photographed. 
sion* char depth, pyrolysis depth and char stability were 
determined. 
test runs was plotted and analyzed. 

Surface reces- 

Thermocouple and optical pyrometer data from the 

Selected ablator specimens were analyzed for test pulse heating 
and analyses were correlated with measured temperature and 
char depth data. 

Total ablator Weight was determined for the elliptical dome 
for both 2 pass and 30 pass entry heating. 

Technological deficiencies of ablative heat shields for aero- 
braking reentry were ascertained. 
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The 8b18tOr model8 are described i n  the Tark B-2 Report (MCR-73-2). 
The relected plarpu arc t e a t  pulses are defined i n  the Tark B-1 Report 
(MCR-72-324). 

Plarma a rc  tests were conducted i n  the Martin Marietta Corporation 
F a c i l i t y  B. It i s  powered by two d i r ec t  current  s i l i c o n  r e c t i f i e r  sys- 
tems capable of providing up t o  1.5 megawatts of power t o  the arc 
generator. The f a c i l i t y  B test chamber is a,water-cooled double jacketed 
cy l ind r i ca l  tank, 48 in. i n  diameter and 1 2  f t  long. It contains two 
viewing por t s ,  located on e i t h e r  s ide  along the horizontal  cen ter l ine  
and r l i g h t l y  d m r t r e a m  from the nozzle e x i t  plane. Additional port8 
f o r  viewing the model f ron t  face with pyrometers o r  cameras a re  located 
i n  the end plate .  
flanged t o  rupport a second tank i n  piggyback fashion. 
houres the  nmdel/instrument support and inser t ion  mechanism. 
mechanism contain8 three model holders,  a calorimeter and a p i t o t  probe. 
Each can be se lec t ive ly  inser ted,  traversed l a t e r a l l y  and longi tudinal ly ,  
and retracted.  Tank 
vacuum is provided by a 3300 cfm mechanical pumping system and by a f i v e  
s tage steam e jec tor .  A l iqu id  oxygen and nitrogen s t a t i o n  coupled 
with a high pressure vaporizer/compressor system provides gases f o r  
arc operation. 

The tank is  s l i t  along the top center l ine  and i s  
The upper tank 

This 

It is operated from a remote control  s ta t ion .  

The arc generator i s  gas and magnetically s t ab i l i zed  Thermal Dynam- 
i c e  Corporation F-5000 uni t .  
tungsten cathode and a cy l indr ica l  copper anode. 
tangent ia l ly  a t  the cathode. This i n i t i a t e s  the vortex and sh ie lds  the 
tungsten material against  oxidation. Oxygen i s  injected in to  the anode 
In a quant i ty  t o  y i e ld  the  chemical equivalent of air. 
jected In  8 manner t o  increase the vortex s t rength and t o  mix e f f i c i e n t l y  
with the ni t rogen flow. 

It cons is t s  of a water-cooled thoriated 
Nitrogen is in jec ted  

Oxygen is in- 

For t e r t i n g  2-1/2 in.-diameter ab la tor  models, a 3 in. e x i t  diameter 
nossle  war  urod. This nozzle has an area r a t i o  of 5.8 and operates a t  
a nominal Mach number of 3.0. The 10 in. e x i t  diameternozzle used f o r  
t e s t ing  the 8 in. diamcter ab la tor  models has an area r a t i o  of 51.4 and 
operates a t  a nomilul Mch number of 4.6. 

Tert poln t r  were ca l ibra ted  by recording the a rc  current  and voltage 
and the oxygen and nitrogen flow rates and by measuring cold w a l l  hea t  
f lux,  enthalpy and p i t o t  pressure. Heating rates were measured with a 
c a l o r l ~ t e r  of the  same diameter as the test model which contained a 
Gardon heat  f l ux  sensor a t  i t s  center.  Enthalpy w a s  computed from a 
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system energy balance. 
cal ibrated test points agree closely with the selected test  conditions 
defined i n  Figures 31, 32, 35 and 36 of Reference 1. 

Calibration data  are sumnrrized i n  Table 1. The 

. 

Six plasma arc models, 2-112 in. i n  diameter, were tes ted f o r  two 
pass heating. 
Reference 2. 
3 2  of Reference 1. 
at ta ined i n  the tests are summarized i n  Table 2 and compared with f l i g h t  
conditions and proposed test plan condi t ions, in  Table 3. 
output w a s  continually recorded during the tests and during portions of 
the cool-down. I n  addition, surface temperature was  measured with a 
recording op t i ca l  pyrometer. 
w a s  monitored with a motion p ic ture  camera a t  a one frame per second 
rate. 

The test models are described i n  Table 1 and Figure 1 of 
The proposed test conditions are shown i n  Figures 31 and 

The actual  heating rates, enthalpies and pressures 

Thermocouple 

Specimen response t o  the heat f lux  exposure 

Time-temperature traces for  thermocouples and opt ica l  pyrometers 
are sham i n  Figures 1 through 6. In  a number of instances,  instrumen- 
t a t i o n  o r  equipment malfunction occurred and only p a r t i a l  temperature 
da ta  w e r e  obtained. I n  general, the temperature da ta  obtained were very 
sa t i s fac tory  and duplicate specimens yielded similar temperature res- 
ponses. Plasma arc models a f t e r  test are shown i n  Figure 7. 
views of the ablator  f ront  face are shown i n  Figures 8 through 13. With 
the  exception of minor char loss  a t  the  mode1 periphery, the models SUI- 
tained no damage during the test. 
si l ica layer. 

3 X  enlarged 

The model surface cons is t s  of a crusty 

S i x  plasma arc models, 8 in. i n  diameter, w e r e  tes ted f o r  30-pass 
heating (3 models) and 15-pass heating (3 models). The test models are 
described i n  Table 2 and Figure 9 of Reference 2. The proposed test 
Conditions are shown i n  Figures 35 and 36 of Reference 1. 
heating rates, enthalpies and pressures a t ta ined i n  the tests are sum- 
marized i n  Table 4. 
and proposed test plan conditions i n  Table 3. T e s t  procedures w e r e  
s i m i l a r  t o  those employed fo r  the 2-pass heating tests. 

The actual  

Peak values are compared with f l i g h t  conditions 

Time-temperature traces f o r  thermocouples and opt ica l  pyrometers 
are shown f o r  selected test pulses i n  Figures 14 and 15. Instrumenta- 
t i on  or  equipment malfunction occurred occasionally during the tests 
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and resul ted i n  only p a r t i a l  data  acquis i t ion fo r  some runs. 
the temperature da ta  obtained were very good and dupl icate  specimens 
yielded similar temperature responses. 
are shown i n  Figure 16. 
shown i n  Figures 17 through 22. 
phery occurred i n  ESA-3560 models l .and 2 (30-pass exposures). This 
char loss  was  due t o  the open honeycomb cells a t  the periphery which 
provided only p a r t i a l  support fo r  the ablator  char. 

In  general, 

Plasma arc models a f t e r  tes t ing  

Localized char loss  a t  the mode1 peri-- 
Fu l l  s i ze  views of the ab la tor  f ront  face are 

v. --- ABLATOR MIDEL AND TEST ....................... 

Tested models were sectioned t o  measure char depth and t o  character-  
i z e  the nature of the char. Figures 23 through 26 show the cross-section 
of 2-1/2 in.-diameter models. Each model exhib i t s  two d i s t i n c t  char 
cleavage planes p a r a l l e l  t o  the ablator  surface. These planes represent 
the depth of char formation a f t e r  the f i r s t  and second heating pass 
respectively. The formation of a horizontal  char cleavage plane is  
cha rac t e r i s t i c  of s i l i cone  ablators.  In  addition, a series of v e r t i c a l  
f i s su res  is evident as a r e su l t  of the shrinkage process which accompanies 
char formation. The severi ty  of the v e r t i c a l  f i s su res  increases with 
decreasing ab la tor  density;  i.e., the f i ssures  are la rger  and more wide- 
spread i n  the ESA-3560 and SLA-561 ablators  than i n  the ESA-5500 ablator .  
Cross-sections of 8 in.-diameter models are shown i n  Figures 27 through 
30. 
pass models. However, the v e r t i c a l  char f i ssures  are less pronounced i n  
the 8-inch models than i n  the 2-1/2-inch models. This i s  because the 
lower heat f l ux  experienced by the 8-inch models causes less severe char 
shrinkage. 

The horizontal  cleavage planes are a l so  evident i n  the 30 and 15- 

Measured char depths are tabulated i n  Table 5. The t r ans i t i on  from 
pyrolysis zone t o  v i rg in  ablator  is very gradual and cannot be pinpointed. 
Surface recession was  a l so  measured on the sectioned models and i s  l i s t e d  
i n  Table 5. Total ab la tor  height increased i n  the ESA-5500 and ESA-3560 
models due t o  the  swelling action of the s i l i cone  r e s in  during ablation. 
The SLA-561 ab la tor  contains a lower concentration of s i l i cone  r e s in  than 
the higher densi ty  ablators  and s i l icone  swelling is o f f s e t  by contrac- 
t i on  of the f i l l e r s  during ablation, resu l t ing  i n  an overal l  reduction 
i n  ablator  height. 

Temperatures a t  the end of each heating pulse are presented graphic- 
a l l y  fo r  30-pass and 15-pass heating i n  Figures 31 through 36. 
f i r s t  two thermocouples (at nominal depths of 0.10 and 0.30 in.) show 
a steady increase i n  temperature f o r  thir ty-pass  heating. The thermo- 
couple a t  0.65 in. starts t o  rise a f t e r  the tenth pass. 

The 

The thermocouple 
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a t  1.37 in. shows only a s l i g h t  increase i n  temperature while the  back 
w a l l  thermocouple r eg i s t e r s  no temperature rise at  end of heating 
throughout the  t h i r t y  heating cycles. Differences i n  temperature 
r e ~ p o n s e  between duplicate specimens are due i n  pa r t  t o  differences 
in thermocouple locations. 

The following specimens w e r e  analyzed f o r  test pulse conditions: 

ESA-5500; 2-Pass Heating; Low Drag Simulation 

ESA-3560; 2-Pass Heating; High Drag Simulation 

ESA-3560; 30-Pass Heating; High Drag Simulation 

ESA-3560; 15-Pass Heating; High Drag Simulation 

Calculated time-temperature p lo ts  fo r  two-pass heating are shown i n  
Figures 37 and 38. Time-temperature p lo t s  f o r  30-pass heating (Pass 
30) and 15-pass heating (Pass 15) are shown i n  Figures 39 and 40 res- 
pectively. 
zone during 30-pass and 15-pass heating is shown i n  Figure 41. 
42 and 43 show the ana ly t ica l ly  predicted temperatures for ESA-3560 
models a t  the end of each heating pass f o r  30-pass and 15-pass heating 
respectively. %e i n i t i a l  temperature was  taken as 80°F fo r  the f i r s t  
pulse and as 115 F f o r  each subsequent pulse. 

The calculated progression of char depth and pyrolysis 
Figures 

Table 5 lists the analyt ical ly  predicted char thickness and pyrolysis 
depth and compares predicted and measured char depth. 
models (30-pass and 15-pass heating),  the cor re la t ion  i s  excellent.  For 
the 2-1/2-inch models (2-pass heating) the measured char thicknesses 
exceed calculated values by apprarrimately 20 percent. 

For the 8-inch 

Table 6 compares ana ly t ica l ly  predicted and measured temperatures 
a t  the thermocouple depths for  two-pass heating. The comparison is a t  
the end of the f i r s t  and second heating pulses and is tabulated as the 
difference between the f i n a l  temperature and the temperature a t  the 
beginning of the heat  pulse. 
the ablator.  
a tu re  rise or a very small rise a t  the end of the heat  pulses. 
measured temperature rise for  the second heat  pulse is 100' t o  125 F. 

The cor re la t ion  is generally good wi th in .  
On the aluminum backface, the analysis pred ic t s  no temper- 

Thg 



6 

Tables 7 and 8 compare ana ly t ica l ly  predicted and measured temper- 
a tures  a t  the thermocouple depths f o r  30-pass heating and 15-pass 
heating respectively. The comparison i s  f o r  passes 1, 5 ,  15, 25, 28 
and 30 f o r  30-pars heating and fo r  passes 1, 4, 6, 8, 12 and 15 fo r  
15-pas8 heating. The da ta  are tabulated as the difference batween the 
temperature a t  the  end of heating and the temperature a t  the beginning 
of the heat pulse. Measured surface temperatures were higher than the 
calculated values. Temperature cor re la t ion  within the  ablator  and on 
the aluminum backface is  sat isfactory.  

Table 9 lists the peak backwall temperature reached a f t e r  the f i n a l  
test  pulse i n  each of the models and compares the measured temperature 
rise (peak temperature minus temperature a t  g t a r t  of the f i n a l  heating 
pass) with the ana ly t ica l ly  predicted rise. I n  a number of instances,  
test da ta  was  not acquired and computer runs w e r e  not extended fo r  a 
su f f i c i en t ly  long t i m e  period t o  obtain the temperature peak. In  tha t  
case, the last measured o r  calculated temperature is l i s t e d  i n  Table 9. 
A s  was  the case f o r  char depth, agreement i s  good f o r  the 8-inch models 
while for  the 2-1/2-inch models, the measured temperature rise i s  con- 
s i s t e n t l y  higher than the calculated value. 

The poor cor re la t ion  f o r  the 2-1/2-inch models i s  a t t r i bu tab le  t o  
the specimen configuration. 
flow, while it applies t o  the center of the 8-inch model, is not r ea l ly  
va l id  f o r  1.36 in. and 2.03 in. high Z-l/Z-in.-diameter models where the 
model center is  only 1.25 inch from the periphery. 
backface t mperatures are influenced by s ide  heating, Since the  desired 
120 BTU/ft -sec heating rate could not be a t ta ined  with models of grea te r  
thaa 2-1/2 in. diameter, t h i s  model s i ze  was  selected even though i t  was 
recognized t h a t  the model height-to-diameter r a t i o  w a s  nonoptimum. 
good agreement between measured and calculated temperatures i n  the abla- 
t o r  a t  end of heating (Table 6 )  v e r i f i e s  the analysis  f o r  two-pass en t ry  
heating. 

The assumption of one-dimensional heat  

I n  these models, 

1 
The 

Ablative heat  shield weights have been calculated f o r  low drag and 
high drag configurations f lying two-pass and 30-pass aerobraking trajec- 
t o r i e s  and f o r  d i f f e ren t  heat shield materials and material combinationq. 
The surface area of the e l l i p t i c a l  dome was  calculated t o  be 30,694 in. . 
Figure 44 is  a p lo t  of dome area as a function of distance from the 
stagnation point (Semi A r c  Length). 
2: l  e l l i p t i c a l  dome with a 84-in. semi-major axis is 101.8 inch. 

The length of the semi-arc of the 
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Ablator thickness requirements were determined as a function of 
dome locat ion (semi-arc length). 
Distr ibut ion f o r  a 2: l  Ell ipse" (Figure 8 of Reference 1)  and the 
"Ablator Design Curves for Two-Pass and 30-Pass Entry Missions" 
(Figures 45 and 46). Curves showing ablator  thickness vs semi-arc 
length are presented i n  Figure 47. The reduced ab la tor  thickness near 
the stagnation point i s  due to  the greater  mass of the aluminum backup 
s t ruc ture  a t  t h a t  location. 

Required data  were the  "Heating Rate 

Figure 48, Ablator Thickness vs Dome Area, i s  constructed from 
Figure 47. The in tegra ls  (areas under the curves) fo r  Figure 48 are 
the t o t a l  ab la tor  volumes i n  cubic inches. 
volume t o  un i t s  of cubic f e e t  and multiplying by the densi ty  i n  l b / f t  , 
the t o t a l  ablator  weights are obtained. 
tabulated i n  Table 10. 

By converting the ablator3 

These ab la tor  weights are 

The heating rate across the e l l i p t i c a l  dome var ies  from 100% t o  
less than 10% of stagnation point heating. Therefore, the  use of a 
s ingle  ablat ion material over the e n t i r e  dome provides a nonoptimum 
design from the we ght standpoint. The hree ablat ion materials3 

use the same s i l icone  r e s in  system and are contained i n  the same 
honeycomb reinforcement core. 
and can be used i n  combination. 
composite ab la tor  designs: 

ESA-5500 - 

4 5 ESA-5500 (55 l b / f t  ), ESA-3560 (30 l b / f t  ) and SLA-561 (15 l b / f t  ) 

They are therefore mutually compatible 
The following criteria are used f o r  

2 4 > l o 0  BTU/ft -sec 
2 

2 
ESA-3560 - 25 < 4 < l o 0  BTU/ft -8ec 

SLA-561 - 4 < 25 BTU/ft -sec 

The locations of abla tor  interfaces  i n  composite designs are shown in 
Figures 47 and 48. 
Table 10. 

The weight of composite designs are l i s t e d  i n  

For the 2-pass entry--low drag heating environment, an ESA-3560 
ab la t ive  heat  shield (weight = 713 lb) is  the recommended design. 
P1 sma arc t e s t ing  has shown t h a t  ESA-3560 can withstand the 125 BTU/ 
f t  -sec peak heating rate at the stagnation point. 
heat  shield weighs only one-half as much as a composite ESA-5500/ESA-3560 
heat  shield. 

1 An al l  ESA-3560 

For 2-pass--high drag heating, a composite ESA-3560/SLA-561 heat  
shield (weight = 622 lb)  is the reconmrended design. The weight of an 
a l l  ESA-3560 heat  shield is  9% greater.  
(weight = 379 lb)  i s  a poten t ia l  candidate since plasma arc tests have 
shown tha t  t h i s  material can withstand t h e  heating environment. However, 
the weak char s t ruc ture  of SLA-561 requires fur ther  tes t ing  and eval-  
uation t o  qual i fy  the material f o r  t h i s  mission. 

An al l  SLA-561 heat  shield 
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A comporite ESA-3560/SLA-561 heat ohield (wight = 859 lb)  i r  r h o  
the recoxmnended derign fo r  the 30-pars-law drag mirrion. Similarly t o  
the 2-pur-high drag mirrion, an all.SLA-561 heat  rh ia ld  holdr promire 
of nuetlng f l i g h t  requlremsnts with a large resu l tan t  weight raving. 

For the 30-pur--high drag heating e n v i r o m n t ,  an a l l  SLA-561 
heat  rh ia ld  (weight - 437 lb)  i s  the recommended design. 
hea t  rh ie ld  i r  mora than twice as heavy. 

An ESA-3560 

Two-paer and 30-pass plasma a rc  t e s t ing  revealed tha t  the ablatoro 
tes ted  are capable of withstanding the aerobraking heating environment. 
Char 1088 only occurred at the periphery of the models where the  honey- 
comb cello are cut. The char of a l l  three ab la tors  contained char f i s -  
sureo both p a r a l l e l  and perpendicular t o  the ab la tor  surface. This i r  
cha rac t e r i s t i c  of s i l i cone  ablators  and a f i s s u r e  plane is always present 
at the  in t e r f ace  between the char and the pyrolysis  zone. The char is 
re tained primarily by i t s  adhesion t o  the honeycomb c e l l  walls. The 
addi t ion of g lass  o r  si l ica f i b e r s  of at least 1/4-in. length t o  the 
ab la to r  provide0 a mechanism fo r  bridging f i ssures .  A l l  three ab la tors  
contain f ibe r s ;  however, f o r  multipass heating, a higher f i b e r  concen- 
t r a t i o n  may be preferred. 

ESA-3560 and ESA-5500 ab la tors  tend t o  swell during ab la t ive  degra- 
dat ion due t o  the swelling act ion of the s i l i cone  resin.  SLA-561, on 
the other  hand, contains a much lower percentage of s i l i cone  r e s i n  i n  
re la t ionship t o  f i l l e r s  and the swelling tendency of the r e s in  i s  counter- 
acted by the  shrinkage of the f i l l e r s  during ab la t ion  such tha t  the ne t  
e f f e c t  i s  one of char shrinkage. A s i l i cone  ab la tor  intermediate in 
density and r e s i n  content between ESA-3560 and SLA-561 could be fonuu- 
la ted  such t h a t  no volumetric change occurs during char formation. 
an abla tor  would be optimum from a char s t a b i l i t y  standpoint f o r  m u l t i -  
pasr thermal protection. 

Such 

Thermal and abla t ive  propert ies  of al l  three ab la tors  are w e l l  
characterized. Ablation analysis  used i n  conjunction with these pro- 
p e r t i e s  provides a very sa t i s f ac to ry  a b i l i t y  t o  determine ab la tor  
thickness requirements fo r  a given f l i g h t  t r a j ec to ry  and t o  pred ic t  
i n t e rna l  ab la tor  and backface temperature rise during thermal exposure. 

Technological def ic iencies  f o r  ab la tors  i n  multi-pass heating environ- 
ments are primarily associated w i t h  uncer ta in t ies  a r i s ing  from the f ac t  
t ha t  a number of environmental parameters were not investigated i n  the 
test program. These environmental fac tors  include: 



1. 

2. 

3. 

4. 

5 .  

Cold Soak: Charred ab la tors  may be rubjected t o  cold 80&k 

condition8 during o r b i t a l  space f l i g h t  between entry heating 
parrer.  Them1 contractions during cold soak could p r o p u a t e  
firrurer i n  the ab18tOr char and lard t o  more extenrive c r r k i a a  
md char eror ion during subsequent en t r i e r .  

Vibration: Acourtic noise o r  vibra t ions  resu l t ing  fram ent ry  
o r  from a t t i t u d e  control  rocket f i r i n g s  may be detriumntal t o  
the ab la tor  char. 
environmcnt associated with aerobraking en t ry  i s  as ye t  unde- 
f ined . 

The magnitude of the  acourt ic  and v ibra t ion  

Shear: 
Shear at the corner of the e l l i p t i c a l  dome must be considered 
i n  f i n a l  ab la to r  selection. 

Aerodynamic shear forces can,dislodge the ab la tor  ch8r. 

Pressure: 
pressure. 
levels, pressures w e r e  only 50 percent of f l i g h t  conditionr. 
The e f f e c t s  of f u l l  f l i g h t  pressure i n  conjunction with peak 
heating rates on char performance must be evaluated experi- 
ment a1 l y  . 

Char recession i s  a function of heating rate and 
While tests were conducted at  peak heating rate 

Atmospheric Variations,  Trajectory Dispersions and Safety 
Factora: Tests simulated nominal conditions f o r  aerobraking 
entry. HOlOever, the heating rates, pressures and shears used 
i n  design of f l i g h t  hardware must be higher than nominal valuer 
t o  account f o r  atmospheric var ia t ions  and t r a j ec to ry  dispersions.  

While there  i s  no reason t o  believe tha t  s i l i cone  ab la tors  w i l l  not 
perform s a t i s f a c t o r i l y  when the above environmental f ac to r s  are taken 
into consideration; nevertheless,  the materials must  be qua l i f ied  by 
tests fo r  the f u l l  f l i g h t  environment. These tests should include: 

1. 

2. 

3. 

4. 

5 .  

Multipass plasma arc t e s t ing  with in te rmi t ten t  cold soak; 

Plasma a rc  shear flow tests; 

Vibration t e s t ing  of charred ab la tors ;  

Tests at  f u l l  design heating rates and pressure r a the r  than 
f o r  nominal conditions;  

Terts at higher than design heating rate, pressure and shear 
values t o  e s t ab l i sh  safe ty  margins and r e l i a b i l i t y .  
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1. 

2. 

E. L. Strwrr: Ablative and Metallic Heat Shields for Aerobraking 
Entry - T u k  B-1 Report, Contract "8-27161, Report MCR-72-324, 
Martin Marietta Aeroapace, Denver Division, Denver, Colorado, 
December, 1972. 

E. L. Strurra: Ablative and Metallic Heat Shields for Aerobrakinq 
Entry - Task B-2 Report, Contract NAS8-27161, Report MCR-73-2, 
Martin Marietta Aerospace, Denver Division, Denver, Colorado, 
January, 1973 
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Table 9 - Compariron of Analytically Predicted and Measured Peak 
Backface Temperatures f o r  Multi-Pass Heating 

~~~ 

Model and Material 

2-Parr; Low Drag 
anal pi^; ESA-5500 

Model 1; ESA-5500 

Model 2; ESA-5500 

Model 5; ESA-3560 

2-Pars; High Drag 

Model 3; ESA-3560 

Model 4; ESA-3560 

Model 6; SLA-561 

30-Pass; High D r a g  

Aaalysis; ESA-3560 

Analysis; ESA-3560 

Model 1; ESA-3560 

Model 2; ESA-3560 

Model 5; SLA-561 

15-Pass; High Drag 
Analysis; ESA-3560 

Model 3; ESA-3560 
Model 4; ESA-3560 

Model 6; SLA-561 

*Backface temperaturc 

I n i t i a l  
Temperature 

f o r  
FinaA Pass 

( F) 

115 
- 
93 

102 

175 

80 

93 

93 

115 

140 

82 

91 

115 
142 
98 

93 

Peak Backface 
Temp era- 
t u r e  f o r  

Finab Pass 
( F) 

177* 

250 

292 

282 

349 

364 

278 

170* 

171* 

144* 

168 

115* 

164 
123* 

139* 

s t i l l  r i s i n g  gradually 

Temper- 
a ture  

Diffgrence 
( F) 

62 
- 

15 7 

190 

107 

269 

27 1 
185 

55 

31 
62 

77 

0 

22 
25 

46 

Time of Peak 
Temperature 
(from start 
of f i n a l  

1160* 
- 

1026 

510 

1 1072 

7 95 

845 

435 

1650** 

1200* 

1200* 

900 

280** 

1440 
1050 

1150 

I **Last da ta  point 1 

. 
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Figure 23 - Cross-Section of ESA-3560 Models After Exposure to Two-Pass, 
High Drag Heating 
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Figure 24 - Cross-Section of ESA-5500 Models After Exposure to Two-Pass, 
Low Drag Heating 
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. 

Figure 25 - Cross-Section of ESA-3560 Model Af te r  Exposure to  Two-Pass, 
Low Drag Heating 

Figure 26 - Cross-Section of SLA-561 Model Af te r  Expqsure t o  Two-Pass, 
High Drag Heating 
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ES A- 35 6 0 
30-Pass Heating 

ESA-3560 
15-Pass Heating 

-- 

SLA- 5 6 1 
30-Pass Heatiwg 

Figure 30 - Cross-Section of Mo6.els After 30-Pass and 15-Pass Heating 
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Figure 33 - Variation of Temperature at End of Heating with Entry Pass for 
ESA-3560, Model No. 3, 15-Pass Heating 
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Figure 34 - Variation of Temperature at End of Heating with Entry Pass for 
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Figure 36 - Variation of Temperature at End of Heating with Entry Pass for 
SLA-561, Model No. 6, 15-Pass Heating 
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Ftgure 43 - Variation of Calculated Temperature at End of Heating with Entry Pass 
for ESA-3560, 15-Pass Heating 
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Figure 44 - Cumulative Dome Area for 2:l E l l i p s e  *ith a 84-inch Semi-Major Axis 
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Figure 47 - Continued 
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Figure 48 - Variation of Ablator Thickness with  Dome Surface Area 
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